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T he choroid is the vascular coat of the eye and plays an important role in the physiology of the eye and the pathogenesis of various ocular diseases. 1, 2 Choroidal thickness (CT) is a parameter that varies substantially both in healthy and in pathological conditions. It has been shown that subfoveal CT (SFCT) was higher in certain diseases such as central serous chorioretinopathy (CSCR), polypoidal choroidal vasculopathy (PCV), and uveitic conditions such as Vogt-Koyanagi-Harada (VKH) disease. 3, 4 On the other hand, age-related macular degeneration (AMD) and pathological myopia (PM) were associated with a reduction in CT. 1, 5, 6 However, CT as an objective parameter is not a true representative of the entire choroidal vasculature and provides solely a bidimensional (2D) measurement at any specified point, limiting its utility. 2 The assessment of choroidal volume provides more robust anatomic details; however, fine details and quantitative data about the choroidal vascularity are difficult to determine with choroidal volume (CV) maps. 2 Recently, the choroidal vascularity index (CVI), defined as the ratio of luminal area to total choroidal area, has been used as one of the biomarkers to evaluate the vascular status of the choroid. 7 Previous reports have concerned the role of the CVI in various disease entities including CSCR, PCV, panuveitis, VKH, and diabetic retinopathy. [7] [8] [9] [10] [11] The aforementioned studies calculated CVI from a single horizontal B-scan passing through the fovea, thus limiting understanding of structural changes to a single region. Moreover, in several diseases, the choroidal vascular changes are distributed in and beyond the macular area, making it imperative to study CT and CVI at various points for a true representation. We have reported the variation of CVI based on the scanning area comparing a single line scan through the fovea, central macular area of diameter 1 and 6 mm in the Early Treatment Diabetic Retinopathy Study (ETDRS) grid in normal eyes. However, the topographical variation of CVI in the macular area was not studied. 12 CT mapping has shown the variations of CT in the macular area, and other reports have identified SFCT as a predictor of CVI. 7, 13, 14 Thus, the variation of CVI in the macular area needs to be studied in detail.
The noise due to retinal blood vessels can affect optical coherence tomography (OCT) B-scans, thereby limiting the signal quality. 15 Our recent technique of shadow compensation and contrast enhancement helps to improve the quality of OCT scans, thus providing more accurate measurements. 15, 16 In the current study, we evaluated the CVI in selected quadrants, which was possible across the macular area (ETDRS map) using a shadow-compensated algorithm. In particular, we aimed to report ETDRS grid-based CVI mapping in volumetric OCT scans of healthy subjects.
METHODS
This was an observational, cross-sectional study conducted at the LV Prasad Eye Institute, Hyderabad, India. The study was approved by the institutional review board (IRB) of the Institute, and all the methods adhered to the tenets of the Declaration of Helsinki.
All the study subjects signed a written consent form before being enrolled in the study and underwent a comprehensive eye examination including best-corrected visual acuity (BCVA), slit-lamp examination, and dilated fundus examination. The eligibility criteria included BCVA ‡ 20/25, age higher than 18 years, no history of prior ocular surgery, and no known ocular or systemic pathology potentially able to affect the choroidal vasculature. Therefore, exclusion criteria included subjects with any systemic diseases such as diabetes or hypertension, or eyes with known ocular diseases such as diabetic retinopathy, glaucoma, and any other retinal or optic disk pathology, high myopia (more than À6.00 diopters [D]), hyperopia (more than þ1.5 D), anisometropia, and poor-quality OCT scans (poorly visible outer choroidal border). CVI in different areas of both eyes were compared. However, only the right eye of study subjects was considered for detailed analysis of CVI in various rings, subfields or quadrants.
OCT Measurements
All subjects underwent enhanced depth imaging OCT (EDI-OCT) scans using Spectralis OCT (Heidelberg Engineering, Heidelberg, Germany) in both eyes. The Spectralis OCT device provides 40,000 A-scans per second with a depth-in-tissue resolution of 7 lm and a transverse resolution of 14 lm using a superluminescent diode with wavelength of 870 nm. 17 A total of 31 raster scans centered on the fovea were performed. The raster scans covered a view of 20 3 208 (6 3 6 mm). A single Bscan consisted of 1024 A-scans (high-resolution mode). The scans were averaged using an automated real-time feature set at 25 frames, and subsequently, image analysis was done.
The proposed methodology for ETDRS-based choroid thickness and CVI mapping is addressed below. In particular, it involved (1) shadow compensation, (2) choroid localization, (3) binarizing choroidal layers, (4), three-dimensional (3D) mapping, and (5) ETDRS grid-based quantification. Specifically, on individual B-scans of each volume scan, steps 1, 2, and 3 were sequentially performed. Then the processed B-scans were 3D reconstructed for estimating the overall thickness and vascularity maps. In the following sections, the proposed methodology is described in detail.
Shadow Compensation and Image Enhancement
In general, OCT B-scans are noisy and contain shadows of the retinal blood vessels that affect the analysis of the deeper retinal layers and choroid. 16 In view of this, to facilitate a better visualization of choroidal structures, we began by performing a shadow compensation and a contrast enhancement on each Bscan. 16 In particular, we adopted Girard's approach, which restores the strongly attenuated image and uses an intensityexpansion to further provide a contrast enhancement. 15 In brief, first compressed pixel intensities of OCT B-scans were transformed to raw intensities using
where J i; j ð Þ is the intensity of the compressed image, and J raw i; j ð Þ is the intensity of the raw image obtained by the OCT machine, both at location i; j ð Þ. Subsequently, the intensityexpansion operator (exponentiation) was used to increase the dynamic range of pixel intensities, which is given by
where J exp is the shadow-compensated image. In OCT imaging, a tissue at less depth produces higher intensity, compared to a similar tissue at a depth. Accordingly, to improve the signal strength, contrast enhancement was performed using
where J enh denotes the enhanced image and n denotes the exponentiation factor. Here, n ¼ 2 was considered empirically.
Choroid Localization
The localization of the choroid is crucial in estimating CT as well as vascularity maps. We automatically localized the choroidal layer by detecting the choroidal inner and outer boundaries based on our previously validated method with nearly 96% Dice coefficient with reference to manual markings. 18 In particular, choroid inner boundary (CIB) was detected using gradient-based edge detection while the choroidal outer boundary (COB) was detected based on structural similarity (SSIM) index and tensor voting. 18 Figure  1 depicts the algorithmically detected boundaries on a representative image. The boundaries thus detected facilitated the segmentation of the choroidal layer as well as the binarized choroidal layer for obtaining thickness and vascularity index measurements.
Binarized Choroidal Layer
The quantification of the choroidal luminal and stromal regions for CVI measurements was obtained on binarized choroidal layer images, where the dark and bright pixels indicated the luminal and stromal regions, respectively. Specifically, we employed a recently reported exponential enhancement-based binarization method. 15, 19 In brief, each OCT B-scan was subjected to adaptive histogram equalization, exponential enhancement (using an empirical exponentiation factor of 4), nonlinear enhancement, and thresholding, respectively, to increase the image contrast of choroid vessel structures and the dynamic range of pixel intensities. This also ensured a uniform distribution of pixel intensities across each A-scan and finally helped to obtain the binarized image. Subsequently, using the previously detected choroidal boundaries, the binarized choroidal layer was obtained. 19 
Choroidal Thickness Quantification
For each B-scan, thickness (in pixel units) along each A-scan (column) was first obtained by taking the difference between pixel locations of the choroidal outer and inner boundaries. Subsequently, thickness in pixel units was converted into micrometers based on the B-scan's axial and transverse resolutions.
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Choroid Vascularity Index Quantification
As previously mentioned, the focus of the current study was in examining the choroidal vascularity index map, that is, understanding the variation of vascularity on a bidimensional en face view. In view of this, we estimated the vascularity index for each A-scan. In particular, we obtained the CVI index 
3D Mapping and ETDRS Grid-Based Quantification
As alluded to earlier, each volume scan covered an area of 6 3 6 mm. However, volume scan consists of only 31 B-scans taken with uniform separation. Consequently, there were missing data between the consecutive scans. In view of this, to obtain the complete volume data, bicubic interpolation was performed on estimated thickness and vascularity maps. Then, we overlaid the ETDRS grid on both the extrapolated thickness and vascularity maps to obtain the corresponding sector-wise statistics, specifically, mean and standard deviation (SD). In particular, while overlaying, centers for en face view of the volume scan and ETDRS grid were matched. ETDRS sectors were defined within the boundaries of three concentric rings. The innermost (foveal) ring centered at the fovea had a diameter of 1 mm. Inner and outer rings extended 1 to 3 and 3 to 6 mm from the fovea, respectively; thus, the total diameter of the outermost ring was 6 mm. For extracting sector-wise thickness and vascularity statistics, we obtained the thickness and vascularity index values of each sector based on indices obtained using connected components on a binarized ETDRS grid image. The ETDRS grid apart from the above-mentioned three rings was also subdivided into nine ETDRS subfields (e.g., center, inner superior, outer inferior) and four quadrants for analysis.
Statistical analysis was performed using SPSS statistical software version 22 (SPSS, Inc., Chicago, IL, USA). All values were reported as mean 6 standard deviation (SD). The comparisons of CVI in different circles, subfields, and quadrants were done using analysis of variance (ANOVA). Pearson's correlation test, independent t-test, and multiple linear regression analysis were done to determine the correlation between CVI and age, axial length, or sex. A P value of <0.05 was taken as statistically significant.
RESULTS
Thirty eyes from 30 healthy subjects (19 females) were included in the study. The mean age was 44.3 6 16.3 years, ranging from 18 to 70 years. Mean axial length was 23.53 6 0.96 mm (range, 21.05-24.86 mm) with mean refraction (spherical equivalent) of À0.4 6 1.2 D (range, À2.25 to þ1.25 D). The mean CV of study subjects in the ETDRS grid was 18.65 6 4.96 mm 3 . The total stromal volume and vascular luminal volume were 9.15 6 1.89 and 9.28 6 3.45 mm 3 , respectively. CVI in the innermost (foveal) ring was 0.46 6 0.08. The corresponding CVI values in inner and outer ETDRS rings were 0.46 6 0.08 and 0.47 6 0.08, respectively (P ¼ 0.78). The CVI values in the subfields and quadrants of ETDRS grid are shown in Table 1 . There was no statistically significant difference in comparison of CVI in different subfields (P ¼ 0.99) or quadrants (P ¼ 0.94). Overall mean (6SD) CVI in the ETDRS grid was 0.46 6 0.08. Table 2 shows the correlations of CVI in the innermost (foveal) ring, inner and outer rings adjusted for age, axial length, or sex. CVI showed a negative correlation with age in the foveal ring (P ¼ 0.01) while the inner (P ¼ 0.06) and outer ring (P ¼ 0.08) did not show a significant correlation. Overall, in the ETDRS grid, CVI had a negative correlation with age (r ¼ À0.384, P ¼ 0.03). The statistical significance was still present after adjusting for axial length (P ¼ 0.04). The correlation of CVI with axial length in all circles did not yield statistically significant results, even after adjusting for age (Table 2) . Similarly, CVI was not found to significantly differ for sex in foveal (P ¼ 0.73), inner (P ¼ 0.96), and outer rings (P ¼ 0.965).
We assessed the potential correlation between CVI and different parameters by distinguishing ETDRS subfields and quadrants. The correlation of CVI and age was statistically significant in inner-inferior (P ¼ 0.03), outer-superior, (P ¼ 0.03), and outer-temporal (P ¼ 0.04) subfields. The correlation of CVI with axial length and sex in any of the subfield was not significant ( Supplementary Table S1 ). The quadrant-wise analysis of CVI correlation with age showed significant results in the temporal quadrant (P ¼ 0.04) only, while axial length and sex correlation did not yield any statistically significant results ( Supplementary Table S2 ).
Multiple regression analysis was done for variation of CVI with age, axial length, and sex in various rings (Table 3) , subfields ( Supplementary Table S3 ), and quadrants (Supplementary Table S4 ). CVI had a significant variation with age in the foveal ring (P ¼ 0.01), the full ETDRS grid (P ¼ 0.04) ( Table  3) , and inner-inferior (P ¼ 0.04) and outer-superior subfields (P ¼ 0.04) ( Supplementary Table S3 ). Figure 2 shows the scatter plot of CVI with age (P < 0.04) and axial length (P < 0.88).
We also compared the study eyes with fellow eyes of study subjects. Table 4 shows the mean, median, and standard deviations of ETDRS rings in both eyes. There were no statistically significant differences between the two eyes in either rings or the overall ETDRS grid.
DISCUSSION
In this study, we proposed an ETDRS grid-based quantification of CVI mapping in volumetric OCT scans of healthy subjects using validated algorithms. 16, 18, 19 The results showed that overall vascular area is slightly lower than the stromal area (CVI ¼ 0.46 6 0.08). There was no significant difference in CVI in various rings, subfields, or quadrants in the ETDRS grid. CVI was found to have a statistically significant negative correlation with age (P ¼ 0.03). Our study did not reveal any differences of CVI between the study (right) and fellow (left) eye for any of the assessed parameters.
The pattern of the choroidal vasculature, especially the choriocapillaris, varies from the posterior pole to the retinal periphery. In vivo studies have reported that macular choroid has the maximum vascularity and the highest density of choriocapillaris. 20 However, in our study, we noted that central macular CVI was lower than other quadrants. This could be explained by the fact that although the SFCT is the highest, 21 the greater increase in stromal thickness more than overcompensates for the increase in vascular luminal areas in the macula, leading therefore to a reduction in the overall CVI. The increase in the stromal thickness of the choroid at the fovea is also explained by the presence of nonvascular smooth muscle cells in the outer choroid, which are particularly abundant in the macular area. 22 In our study, the nasal subfields of the ETDRS grid had the higher CVI, which is in contrast to previously reported reduced CT and CV in nasal areas. 2, 13 Consistent with the previous reports, CT and CV in nasal subfields (including inner nasal and outer nasal) was lower in our cohort as well. 2, 13 However, the difference was not statistically significant. The discrepancy between the two parameters could be explained by the overall thinning of the choroid (especially the stromal component) in proximity to the disc and a possible disproportionate increase in the vascular component.
Previous studies have reported sex-wise differences in CT and CV, with males having a higher CT and CV, while a few other studies have not found any significant difference. 2, [23] [24] [25] The intersex difference of CVI was not significant in our study. This suggests that although CV is higher in males, as reported in one of our previous publications, 2 CVI as a ratio may not be affected due to the proportionate reduction in both the luminal and stromal areas.
Our results showed no statistically significant difference in CVI between central to inner and outer circles. The possible explanation could be the limited surface of the assessed area (within the vascular arcades). This ETDRS grid with a diameter of 6 mm may be insufficient to identify any significant variation of vascular caliber in normal individuals. Previous studies have evaluated CVI in normal subjects and disease conditions using macular and volumetric scans. [7] [8] [9] [10] [11] In conditions like CSCR, AMD, or PCV, where the pathology is localized in the form of either focal leak, polyps, or branching vascular network (BVN), changes in terms of CVI during the course of disease (natural history or after treatment) might provide substantial information about vascular changes. In such conditions, using ETDRS grid-based CVI calculation would be a helpful approach for clinicians to assess the disease progression and the treatment response.
Among the number of studies available on CVI, the main area of study has been subfoveal CVI or up to 750 lm on either side of the fovea using a single horizontal raster scan. 7, 14 We have previously reported average CVI in the macular area. However, topographical variations of CVI in different circles or quadrants were not studied. 26 This study is unique since it evaluates CVI over the whole macular area to identify any significant physiological variation. CT has not been shown to vary significantly at either subfoveal or up to 2500 lm on either side of the fovea. CT has a negative correlation with age leading to a reduction of 1.18 lm/year. 27 The correlation between age and SFCT or CV has been previously reported (r ¼ À0.368 and r ¼ À0.387, respectively). 2 Considering CVI (luminal thickness) as an integral component in CT, reduction in CVI with age is expected. The correlation between age and CVI in our study sample (r ¼ À0.38) was suggestive of a statistically significant negative correlation. Agrawal et al. 7 have reported a statistically significant direct correlation of CVI with SFCT (P < 0.001) while axial length (P ¼ 0.375) was not significantly correlated. This finding highlights that CVI reduction with age parallels the changes in SFCT or CV. However, considering the fact that SFCT correlated well with CVI values and SFCT itself is dependent on axial length, the contribution of axial length to CVI cannot be underestimated. We excluded eyes with higher axial length and high refractive errors; thus, CVI values in our cohort cannot be extrapolated to high myopes or hypermetropes.
In this study, we employed fully automated and validated shadow compensation and binarization methods. Other attempts, for instance, those of Fabritius et al. 28 for shadow compensation and Kawano et al. 29 for binarization, were not fully automated and standardized. In particular, the method of Fabritius et al. 28 required to have an estimate (or localize) of segmented retinal vasculature of an en face image taken at the retinal pigment epithelium (RPE) plane. Indeed, almost all other attempts toward quantifying choroid vascularity have mostly adopted the Image J-based method of Sonoda et al., 30 which is semiautomated, subjective, and tedious. 30 In contrast, our approach is fully automated and algorithmic performance was validated. 31, 32 Although CVI values remain precise within studies, accuracy with respect to any specified gold standard such as histology needs to be established. 18, 21, 33 For instance, Wei et al. 34 have compared two commonly used binarization techniques; neither of these was found to be superior, and agreement between them was low. The inherent flaw with these algorithms exists because CVI calculation is based on the simple assumption that dark areas (vascular lumen) and light areas (stroma) are the only two constituents of the choroid. This kind of binary arrangement has not been conclusively proven in histologic studies. 1 The choroidal tissue at the posterior pole is known to have a segmental pattern and lobular arrangement composed of centrally located venule with curved arterioles. 20 However, these features are not identifiable on cross-sectional OCT scans. Moreover, differenc-es in segmentation and thresholding techniques lead to differences in estimation of the choroidal area and/or luminal area. This explains the wide difference in CVI in various studies. 16, 26, 33, 35, 36 Limitations of this study were the retrospective nature of the study and the small sample size. We had a limited number of patients in each age group with a narrow range of distribution of axial length and refraction. Moreover, the analysis of the distribution pattern of refraction revealed a skew toward myopia. Only the macular area was studied, which might not be representative of the vascularity of the entire fundus. Moreover, the study included healthy eyes, and the results cannot be extrapolated to various disease entities. OCT-based studies on thickness measurements have shown an effect of axial length on ocular magnification especially in the transverse dimension. We unfortunately did not consider the effect of ocular magnification in our analysis. The effect of motion, tilt, and illumination between B-scans was not considered while deriving the final 3D volumetric dataset.
In conclusion, our study reports a novel choroidal vascularity mapping of the macular area. The shadowcompensated images provided higher image quality due to the noise reduction. This approach could be useful to evaluate localized changes in choroidal vascularity, complementary to choroidal and retinal volumes, enhancing our understanding on the pathogenesis of various chorioretinal diseases.
